The intravenous administration of endotoxins prepared from gram-negative bacteria induces profound physiologic derangements in man (2) . Nevertheless, their clinical significance during illnesses induced by gram-negative bacteria remains speculative. One major objection to ascribing any significant role to endotoxin in mediating the pathophysiologic changes during gram-negative bacterial infections is based on the phenomenon of acquired tolerance. Thus, when endotoxins are administered daily to normal man as single intravenous injections, resistance to their toxic and pyrogenic activities develops rapidly (3) . Such acquisition of tolerance has led some investigators to suggest that circulating endotoxin can play no major role in those infections in which fever is sustained (4, 5) . Others have proposed that endotoxin can play an important role in sustained infection, e.g., typhoid fever, and that tolerance constitutes an important mechanism in recovery from the illness (6) . Support for either of these concepts is obtained from the observation that a high degree of tolerance to the pyrogenic action of Salmonella typhosa and other bacterial endotoxins is observed during convalescence from typhoid fever and tularemia (6, 7) . Nevertheless, inferences as to the importance of bacterial endotoxin during infection based upon observations of * Submitted for publication March 9, 1964 ; accepted May 12, 1964. Supported by the Commission on Epidemiological Survey of the Armed Forces Epidemiological Board, contract DA-49-007-MD-751, and U. S. Public Health Service research grant HE-07280-03.
A preliminary report of this work was presented at the Seventy- endotoxin tolerance in normal or in convalescent man are not justified. Reactions to endotoxin must be studied in the infected host during the febrile phase of illness. The following studies were performed in man to define a) the effect of induced endotoxin tolerance on the subsequent febrile and clinical course of two gram-negative bacterial infections, typhoid fever and tularemia, and b) the influence of the typhoid and tularemic infections on the preinduced endotoxin tolerance.
Materials and Methods
Volunteers for these studies were male inmates of the Maryland House of Correction, Jessup, Md., whose ages ranged from 22 to 44. Each volunteer was fully apprised of all aspects of the investigation and the attendant risk. They were free to cease participation at any time. Complete medical surveys were performed to verify the fitness of each participant.
Infectious agents and nature of clinical illness. The preparation and administration of the inocula of S. typhosa, Pasteurella tularensis, and sandfly fever virus and the clinical course and treatment of the resulting illnesses have been outlined previously (7) . Convalescence is defined as beginning on the first day that the maximal oral temperature (as recorded at 12 and 8 a.m. and at 12, 4, and 8 p.m.) remained below 1000 F.
Bacterial endotoxins. Two preparations of bacterial endotoxins were employed: a highly purified endotoxin from S. typhosa (0-282),' previously described (8) , and Pseudomonas endotoxin2 prepared by tryptic digestion (9) . Both endotoxin preparations were suspended in sterile, pyrogen-free physiologic saline and stored in rubber-stoppered vaccine bottles at 4°C. The S. typhosa endotoxin was diluted to a concentration of 0.25 gg per ml and the Pseudomonas endotoxin to 10 .eg per ml.
The diluted endotoxin preparations were bacteriologically sterile, and the same bottle of diluted endotoxin was always employed throughout any given study. Po- ' Kindly supplied by Dr. Maurice Landy, National Institutes of Health.tency of the diluted endotoxins was tested before the human studies by a standard pyrogen assay procedure employing acclimatized, loosely restrained, albino rabbits. Repeat assays conducted at the conclusion of the studies, in groups of five rabbits each with two dose levels for each group, indicated no loss of pyrogenicity.
Pyrogen assay in man. Volunteers were hospitalized, and all responses to endotoxin were assayed after the subjects were confined to bed and covered with a light blanket. Syringes were either of the sterile, pyrogenfree, disposable type 3 squares. This value, termed the fever index, represents a measure of the height and duration of the febrile responses (10) . The ordinates were plotted so that 100 small squares represented a fever index of 100 and reflected a 10 F rise in rectal temperature for a 1-hour duration. The diurnal variation of normal body temperature was so great that temperatures seldom returned to preinjection values. In such instances, the fever curves were extrapolated to the base line. In addition to the fever index, subjective reactions (headache, chills, myalgia, anorexia) after endotoxin administration-were graded as follows: 1 + = mild, 2 + = moderate, 3 + = severe, and 4 + = extremely severe.
Results
Effect of endotoxin tolerance on induced typhoid fever. Before oral challenge with viable S. typhosa, two subjects were rendered tolerant by daily intravenous injections of 10 ug Pseudomonas endotoxin ( Figure 1A and B). A third volunteer was rendered tolerant by daily intravenous injections of progressively increasing quantities of the Pseudomonas endotoxin ( Figure 1C ). Pseudomonas, rather than S. typhosa endotoxin, was employed in these initial studies to circumvent the possible induction of specific immunity to the viable S. typhosa. In one subject, a high degree of cross-tolerance was created to S. typhosa endotoxin as evidenced by the minimal responses to slow infusions of 2.5 pg S. typhosa endotoxin administered on days 8 and 2 before challenge with viable S. typhosa organisms ( Figure 1C ). Five normal control subjects infused with onetenth this quantity of the same S. typhosa endotoxin preparation exhibited marked febrile and subjective reactions (mean fever index, 1,880; SE ± 230; mean subjective reaction, 3 +). Despite this tolerance to Pseudomonas and to S. Figure  2A ) that 100 mg hydrocortisone was administered intravenously and 100 mg orally to control the reactions. The subject was subsequently treated with chloramphenicol; after becoming afebrile for several days, relapse ensued when medication was discontinued. On the third day of relapse, at a time when the rectal temperature was 99.7' F, 0.5 j~g of S. typhosa endotoxin was again administered intravenously; the resulting febrile and subjective reactions were again intense (second from top curve, Figure 2A) . After a second course of antibiotic therapy, and after remaining afebrile for 6 days, 0.5 iig of S. typhosa endotoxin given intravenously now induced only a mild febrile response and a minimal subjective reaction (second from bottom curve, Figure 2A) . A similar reaction pattern to S. typhosa endotoxin was observed in the second volunteer ( Figure 2B ). This latter subject, although tolerant to 2.5 ug of S. typhosa endotoxin given intravenously before typhoid illness and possessing a high S. typhosa 0 agglutinin titer, developed unmitigated typhoid illness after oral administration of viable S. typhosa.
Hyperreactivity occurred to 0.5 M~g of the endotoxin given intravenously on the first day of illness, as well as early in convalescence (36 hours after becoming afebrile), but a tolerant reaction was again evident later in convalescence.
To define more precisely the time at which hyperreactivity to endotoxin appears and subsides during typhoid fever, and to determine the specificity of such hyperreactivity, four additional subjects were rendered tolerant to Pseudomonas endotoxin by daily intravenous injections of 25 Figure 4 . In each subject, hyperreactivity to the endotoxin appeared at the onset of illness. Effect of tularermia on preinduced endotoxill tolerance. Five normal subjects were given a daily intravenous injection of 0.25 jug S. typhosa endotoxin for 27 days. All subjects were challenged by intradermal inoculation of P. tularenisis on day 27 of tolerance. Two days after challenge with P. tularensis (24 hours before the onset of overt illness), a slight decrease in tolerance was apparent ( Figure 5A and B). On the third day postchallenge with P. tularensis, clinical illness was evident. The intravenous injection of less than one-quarter the quantity of S. typhosa endotoxin to which tolerance had existed the previous 4 5 6 day now evoked severe pyrogenic and subjective reactions (top curves, Figure 5A and B). Hyper-J TYPHOID FEVER. reactivity to the endotoxin was also manifest on ndotoxin during the first afebrile convalescent day; by the fourth trol fever index afebrile day, tolerance had virtually fully returned ed on the initial ( Figure 5A and B). As with typhoid fever, there was no evidence that the preinduced tolerance to od of 30 days. endotoxin prolonged the incubation period or mitiby oral chal-gated the clinical course of the tularemic illness. ring the incuEffect of sandfly fever on preinduced endotoxin ;ting was per-tolerance. As controls for the typhoid fever and ndotoxin. As tularemia studies, endotoxin responsiveness was Loped after the assayed during the course of sandfly fever. control group. Four volunteers were rendered tolerant by a daily Lent in all vol-intravenous injection of 0.25 jug S. typhosa endoto endotoxin toxin for 8 days. These subjects were then invas a stepwise fected with the virus of sandfly fever, and their until the day reactivity to endotoxin was monitored during illexceeded the ness and early convalescence. Typical reaction convalescence patterns are shown in Figure 6A and B. In shion. In all contrast to typhoid fever and tularemia, no subnt during the ject exhibited increased reactivity to endotoxin and thereafter during illness, despite the presence of fever, nor during the initial afebrile convalescent day. Two :ivity to endo-additional subjects were studied who were not iot previously rendered tolerant to endotoxin. consistent with that expected after a single intravenous test dose of the endotoxin 1 week previously (7) . Discussion
Hyperreactivity to bacterial endotoxins, employing lethality as a criterion, occurs during a variety of infectious illnesses induced in laboratory animals (11, 12) . In evaluating possible mechanisms for such hyperreactivity, the parameter for judging hyperreactivity to endotoxin during infection must be carefully considered. Thus, although induced tolerance to bacterial endotoxins is accompanied by resistance to most of its toxic activities (13), the converse cannot be assumed, i.e., that hyperreactivity to endotoxin, measured by lethality, indicates that its other toxic activities are enhanced. Indeed, it has been demonstrated that the enhanced susceptibility to the lethal activity of endotoxin seen in laboratory animals during infection with Mycobacterium tuberculosis is not accompanied by enhanced pyrogenic responses (14, 15) . These findings indicate that generalized changes in metabolic activity of the host during active infection need not per se augment pyrogenic responsiveness; such observations are important in the analysis of augmented pyrogenic responses to endotoxin during infection in man.
Detailed data describing alterations in responsiveness to the pyrogenic activity of endotoxin during induced infection in laboratory animals with agents other than Myobacteria are not available. In man, increased reactivity to the pyrogenic activity of Brucella endotoxin has been established during active brucellosis (16) . Specific hypersensitivity induced by the infection was suggested as the mechanism underlying such hyperreactivity to the Brucella endotoxin. Our present studies demonstrate that augmented pyrogenic responses to bacterial endotoxin also occur in man during two other infectious diseases, typhoid fever and tularemia. We emphasize that a real augmentation of pyrogenic responsiveness to endotoxin occurs during illness in that the increments in body temperature were consistently greater in both rate and magnitude, and usually duration, i.e., fever indexes were higher than those seen during the control period. This is in sharp distinction to observations by Bannister in man (17) and by Atwood and Kass in rabbits (18) , wherein the injection of endotoxin during fever induced by exposure to a hot environment led to increments in body temperature (rate, magnitude, and duration) no greater than those seen under normal environmental conditions. Although body temperatures after endotoxin were higher in the hot environment, the initial temperatures were correspondingly elevated; these reactions represent additive rather than hyperreactive pyrogenic responses to endotoxin.
The unique opportunity to study the present volunteers before infection permitted observations bearing on the mechanism and significance of their hyperreactivity to endotoxin during infection: a) Since the role of acquired hypersensitivity in the production of hyperreactivity to endotoxin remains unproven, it is significant that augmented pyrogenic responses, occurred to Pseudomonas endotoxin during typhoid fever and to S. typhosa endotoxin during tularemia. Certainly, therefore, the hyperreactivity cannot be attributed to hypersensitivity restricted to the specific endotoxin possessed by the infectious agents. Whether the hyperreactivity is more intense to endotoxins prepared from the homologous infecting organisms remains to be quantitated. b) Augmented pyrogenic responsiveness to endotoxin appeared during the later portion of the incubation phase of typhoid illness and persisted during early convalescence, occurring before and after overt clinical illness. It cannot be attributed, therefore, simply to a summation of toxic effects in the overtly ill host. Moreover, since the enhanced pyrogenic responses occurred in the absence of elevations of rectal temperature, resetting of the thermoregulatory mechanisms appears unlikely as an explanation. The unaltered pyrogenic responses to endotoxin in control subjects infected with the virus of sandfly fever provide additional evidence to exclude nonspecific effects of infection or fever per se. The absence of augmented pyrogenic reactivity to endotoxin during fever induced by a hot environment, as mentioned previously (17, 18) , is also consistent with this thesis. c) Augmented pyrogenic responses occurred regardless of whether a high degree of tolerance to the endotoxin was induced before infection by repeated daily intravenous injections or whether only a single control intravenous base-line test was performed. It is not yet certain, however, whether the hyperreactivity involves the inhibition of those mechanisms that participate in tolerance or whether the tolerance mechanisms remain functional and offer some partial protection, i.e., whether a significant difference in the degree of hyperreactivity to endotoxin exists between those subjects with and without preinduced tolerance.
d) The hyperreactivity to bacterial endotoxin during typhoid fever and tularemia, in contrast to brucellosis (16) , wanes rapidly once convalescence begins. This temporal course of the subsidence of the hyperreactivity to endotoxin reconciles an apparent conflict in earlier reports. Heyman and Beeson (19) observed hyperreactivity to the pyrogenic action of endotoxin during convalescence from typhoid fever and tularemia, whereas Neva and Morgan (6) and subsequently our own group reported tolerance (7). It is important that the former investigators tested for tolerance on the second to third afebrile convalescent days, whereas the latter investigators tested after the third afebrile day. It is during this early convalescent period that the transition from hyper-to hyporeactivity is in progress. e) Endotoxin tolerance has been suggested to play an important role in recovery from gramnegative bacterial infections such as typhoid fever (6) . This thesis appears untenable, since 1) induction of endotoxin tolerance sufficient to protect against febrile and toxic manifestations as severe as those seen during overt infection failed to prolong the incubation phase or mitigate subsequent typhoid or tularemic illness, 2) tolerance did not develop during overt illness, 3) recovery from typhoid fever, after initiation of chloramphenicol therapy, commenced while hyperreactivity to endotoxin was still apparent, and 4) recovery from typhoid fever, before the advent of chloramphenicol therapy, has been reported while hyperreactivity to endotoxin was still evident (19) .
f) It has been suggested that since tolerance to endotoxin develops readily in normal subjects, circulating endotoxin can play no major role in those infections in which fever is sustained (4, 5) . This argument against implicating endotoxin, at least with regard to the-pathogenesis of typhoid fever and tularemia, is no longer tenable. On the contrary, the present findings show that the host remains capable of hyperreacting to minute quantities of endotoxin that may be released from the infecting microbes. Such findings, in conjunction with prior evidence for the release of physiologically active quantities of endotoxin during typhoid fever (7, 20) , suggest an important role for circulating endotoxin in the pathogenesis of this illness.
Studies in man are currently in progress to define the mechanisms responsible for the augmented pyrogenic reactions to bacterial endotoxins during typhoid fever and tularemia.
Summary
The present studies evaluate the importance of bacterial endotoxin in the pathogenesis of typhoid fever and tularemia in man. Induction of endotoxin tolerance sufficient to protect against febrile and subjective toxic manifestations as severe as those seen during overt infection failed to prolong the incubation period or mitigate the subsequent clinical course of induced typhoid fever or tularemia. Although such findings appeared to militate against the importance of endotoxin in the pathogenesis of these illnesses, testing during overt infection revealed profound alterations in reactivity to endotoxin characterized by markedly augmented pyrogenic and subjective responses. This hyperreactivity to endotoxin occurred regardless of whether a high degree of tolerance was induced before infection by repeated daily intravenous injections of endotoxin or whether only a single injection was given intravenously to establish a base-line response. The hyperreactivity was not restricted to the endotoxin prepared from the infectious agent; increased reactivity was seen to Pseudomonas endotoxin during typhoid fever and to S. typhosa endotoxin during tularemia. Temporal studies after ingestion of viable S. typhosa indicated a stepwise onset of hyperreactivity to Pseudomonas endotoxin during the incubation period, with hyperreactivity consistently present 24 hours before overt illness, and stepwise subsidence of reactivity during convalescence, with tolerance after the third afebrile day. Control studies in febrile subjects infected with the virus of sandfly fever revealed no alteration in preinduced tolerance to S. typhosa endotoxin.
The present studies refute the concept that endotoxin tolerance plays an important role in recovery from typhoid fever or that the ability of normal man to develop tolerance to endotoxin precludes the importance of circulating endotoxin in the pathogenesis of sustained infectious illnesses. The mechanisms for the hyperreactivity to the pyrogenic activity of endotoxin during typhoid fever and tularemia in man are unknown and are currently under study.
